Introduction
Natural killer (NK) cell neoplasms are rare both in humans and in animals. In humans and rodents, NK cells have been characterised by the expression of CD56 and the absence of surface CD3 and T-cell receptor (TCR). NK cells arise from the same lymphocyte precursor cell as T cells and B cells. NK progenitor cells express CD34 and CD10, as well as other myeloid and lymphoid progenitor cells. Immature NK cells express CD56 and lack CD34 and CD10 expression, and eventually express CD16 and CD57 during maturation. CD56, CD16 and CD57 are used as markers for diagnosing NK cell neoplasms in humans. [1] [2] [3] [4] In animals, there have been a few studies on the immunophenotypes and functions of NK cells. [5] [6] [7] In dogs and cats, NK cells are negative for surface CD3 by flow cytometry, [7] [8] [9] but an antibody that specifically labels surface CD3 is not available for immunohistochemistry on formalin-fixed paraffin embedded sections. Therefore, NK cell neoplasms have been diagnosed tentatively in cases of non-T, non-B lymphoma/leukaemia. 10 There has been only one case report of blastic NK cell leukaemia in a dog, which was diagnosed based on the detection of CD56 mRNA expression by a reverse transcription PCR analysis. 8 Here, we report pathological and clinical findings of NK cell lymphoma/leukaemia in a cat. The immunohistochemical findings of the neoplastic cells revealed that CD56 can be used as a marker for feline NK cell neoplasm in routine histopathological examinations.
Case description
A 7-year-old neutered male, mixed-breed cat presented with subcutaneous oedema and erythema of the right axilla extending to the abdomen, and swelling of the right forelimb (Figure 1 ). Clinical examinations revealed mild fever (39.7°C) and a subcutaneous soft mass (3.0 × 2.0 cm) on the back. A complete blood count revealed anaemia (packed cell volume [PCV] 26%) and thrombocytopenia (96,000 platelets/μl) ( Table 1) . A blood smear examination revealed a small number of large atypical round cells. The cells had small-to-moderate amounts of basophilic cytoplasm and large nuclei with finely diffused chromatin and several nucleoli. The cells rarely contained fine azurophilic granules in the cytoplasm (supplementary Figure 1) . Examinations for feline immunodeficiency virus antibodies and feline leukaemia virus antigens were not performed. Thoracic and abdominal radiography and abdominal ultrasonography showed no significant findings. Cytological analysis with fine-needle aspiration from the subcutaneous lesion of the right axilla and the dorsal subcutaneous mass revealed the presence of large atypical round cells. The cells had small-tomoderate amounts of basophilic cytoplasm and irregular nuclear membranes, and were occasionally binucleated ( Figure 2 ). The nucleus had one or several distinct nuclei with finely diffused chromatin. Azurophilic granules were not observed in the cytoplasm. The cells were thought to be lymphoid cells and the presumed diagnosis was lymphoma. A PCR-based clonality analysis for TCR-gamma (TCRγ) and immunoglobulin heavy chain (IgH) genes with DNA extracted from the subcutaneous lesions revealed no clonal rearrangement of both genes. All PCR products were assessed by heteroduplex analysis as previously described. 11, 12 The cat was treated with prednisolone at a dose of 1.0-1.5 mg/kg/day and L-asparaginase at a dose of 400 U/kg, four times in total at various intervals. The treatment led to a transient improvement of oedema and regression of the dorsal mass. However, the cat died after 78 days of initial treatment owing to loss of appetite, severe anaemia (PCV 8.9%) and liver dysfunction. A complete necropsy was performed on the day. At necropsy, the cat presented with severe jaundice and an oedematous subcutaneous mass in the right chest. Moderate hepatomegaly, splenomegaly, lymphadenopathy of the mediastinal (1.2 × 0.8 cm) and left axilla (0.8 × 0.8 cm), and haemorrhage in multiple organs were also observed ( Figure 3) .
The subcutaneous tumour tissue, visceral organs and brain were fixed in 10% neutral-buffered formalin, embedded in paraffin, sectioned at 4 μm thickness, and stained with haematoxylin and eosin. Immunohistochemistry was performed using primary antibodies listed in Table 2 . The following normal tissues without lesions were used as positive controls: normal thymus, spleen, lymph node, bone marrow, liver, intestine and brain. A horseradish peroxidase (HRP)-labelled polymer system (EnVision+ System; Dako) was used as a secondary antibody. Labelled complexes were visualised with the 3,3′-diaminobenzidine chromogen, and the sections were counterstained with haematoxylin. Double immunofluorescence was performed on normal thymus, spleen and liver tissues of cats to detect CD56 + and CD3 -cells. Alexa 488-conjugated donkey antimouse IgG (1:200; Invitrogen) and Alexa 594-conjugated donkey anti-rabbit IgG (1:200; Invitrogen) were used as secondary antibodies and counterstained with 4′,6-diamidino-2-phenylindole (Vector Laboratories). Western blotting analysis was performed to confirm the reactivity with an appropriate molecular weight antigen of anti-CD56 and anti-CD57 antibodies using feline and canine brain tissues. 18 The membranes were incubated with each antibody (1:1000) at 4°C overnight, and then incubated with HRP-conjugated sheep anti-mouse IgG (1:5000) (Bethyl Laboratories, Montgo mery, TX) at room temperature for 1 h.
Histologically, extensive necrosis, oedema and focal infiltration of large atypical round cells were observed in the subcutaneous mass ( Figure 4 ). The tumour cells had scarce cytoplasm, an irregular nuclear membrane, coarse nuclear chromatin and a distinct nucleolus. The cells were occasionally binucleated, and anisocytosis and anisokaryosis were moderate. The nucleus of the tumour cell was approximately three times the diameter of a red blood cell. The tumour cells were also observed in the liver, spleen, bone marrow and lymph nodes of the mediastinal and left axilla. In the liver, the tumour cells were diffusely infiltrated ( Figure 5 ). Multifocal haemorrhage and bile plugs in the capillary bile duct were also observed. In the spleen, neoplastic cells were diffusely infiltrated and replaced the red pulp, with multifocal haemorrhage. The bone marrow was hypoplastic and the tumour cells were diffusely infiltrated, comprising approximately 10% of nucleated cells ( Figure 6 ). The tumour cells diffusely infiltrated the sinus with haemorrhage in the mediastinal and left axilla lymph nodes. The number of mitotic figures was two per field (× 400 magnification).
Immunohistochemically, in normal cat tissues, CD3 labelling was detected in the cell membrane and cytoplasm of lymphocytes (supplementary Figure 2) . CD56 + lymphoid cells were detected in the thymus (Figure 7a ), spleen and liver. CD57 + lymphoid cells were detected in the thymus (Figure 7b ), intestinal mucosa, spleen and lymph node. In the brain, neuropil was positive for CD56 (supplementary Figure 3a) and CD57 (supplementary Figure 3b) . CD34 + lymphoid cells were detected in the thymus (supplementary Figure 3c ), spleen and lymph node. CD10 + lymphoid cells were detected in the Figure 3f) , neutrophils, monocytes and macrophages were positive for myeloperoxidase. In the present cat, the cell membrane of tumour cells was strongly positive for CD56 (Figure 8a ) but negative for a T-cell-associated marker (CD3) (Figure 8b) , B-cellassociated markers (CD20, CD79a, Pax5 and BLA36), macrophage/histiocyte markers (Iba-1 and CD204), a major histocompatibility complex class II antigen presenting cell marker (HLA-DR), mast cell-associated marker (CD117), a myeloid cell-associated marker (myeloperoxidase), haematopoietic progenitor-associated marker (CD34), lymphocyte precursor cell-associated markers (CD10), mature NK cell marker (CD57) and cytotoxic cell markers (granzyme B and perforin). In double immunofluorescence, CD56 + CD3 -lymphoid cells were detected in the thymus (supplementary Figure 4a-c) , spleen and liver. By Western blotting analysis, in both brain samples of cat and dog, anti-CD56 antibody labelled bands of 100-120 kDa, 140 kDa and 180 kDa, and anti-CD57 antibody labelled a band of 110 kDa, consistent with the molecular weights of CD56 and CD57 ( Figure 9 ).
Discussion
The present cat was clinically diagnosed with lymphoma/ leukaemia based on the results of cytology; however, a clonality analysis for TCRγ and IgH genes showed no clonal rearrangement. Post-mortem histopathological examination revealed a systemic infiltration of the blastic tumour cells that were positive for CD56 and negative for T-cell marker, B-cell markers, macrophage/ histiocyte markers, mast cell-associated marker, myeloid cell-associated marker and haematopoietic progenitor-associated markers. Most of the tumour cells did not contain fine azurophilic granules in the cytoplasm, and the tumour cells were negative for granzyme B and perforin.
CD56, known as neuronal cell adhesion molecule, is one of the immunoglobulin superfamily of cell adhesion molecules and is composed of various isoforms (CD56 120, 140 and 180 kDa). Expression of CD56 is found in various organs, including nervous tissue, neuromuscular junction and the neuroendocrine system, and in blood cells such as NK cells and NK T cells. 5 In addition, CD56 may be expressed in some feline myeloid leukaemias and plasma cell myeloma, and thus staining of CD56 should be interpreted together with other panels of antibodies to determine the cell lineage. 19 In our study, anti-human CD56 antibody showed cross-reactivity with feline CD56 by Western blotting analysis. In our case, according to morphology and immunophenotype of tumour cells, the cat was diagnosed with lymphoproliferative neoplasm of an NK cell phenotype.
In humans, NK cells are characterised by CD56 + and surface CD3 -immunophenotype. Cytoplasmic CD3 is expressed by the active state of the NK cell. 20 When NK cells are activated and express cytoplasmic CD3, negative staining for surface CD3 is important to distinguish them from NK T cells. The phenotype of NK cell changes during differentiation. NK cell precursors develop in the primary lymphoid organs, and migrate to the secondary lymphoid tissues. During differentiation, proliferative NK cells strongly express CD56 (CD56 bright NK cell), and the terminal differentiation involves downregulation of CD56, expression of CD57 and acquisition of cytotoxic function such as granzyme B and perforin. 2, 21 According to the 2017 World Health Organization (WHO) classification of human haematopoietic and lymphoid tumours, NK cell tumours are classified into extranodal NK/T-cell lymphoma (ENKL), aggressive NK cell leukaemia (ANKL), chronic lymphoproliferative disorder of NK cells (CLPD-NK) and NK lymphoblastic (blastic NK cell) leukaemia/lymphoma (BNKL). 19 NK cell tumours are positive for CD56, negative for surface CD3 and variably positive for cytoplasmic CD3. 4, 19, 22 For cytotoxicity, ENKL, ANKL and CLPD-NK show cytotoxic phenotype; BNKL does not. ENKL is the most common type in humans and it affects the upper aerodigestive tract (nasal type), although other sites such as the skin and gastrointestinal tract may be occasionally involved (extranasal). 23, 24 ANKL involves the peripheral blood, bone marrow, liver, spleen and other organs. CLPD-NK is a provisional entity characterised by a chronic increase in the peripheral blood NK cell count. BNKL shows an aggressive clinical course, involving initially the skin/soft tissue and then systemic proliferation of tumour cells. The tumour cells show an immature blastic NK phenotype, which is characterised by the absence of cytoplasmic granule, CD56 + , membrane-CD3 -and granzyme B -. 1, 22 According to the WHO classification of haematopoietic tumours of domestic animals, NK cell tumours are classified as 'NK-cell chronic lymphocytic leukaemia' in the category of large granular lymphocyte proliferative disorders. The tumour is characterised by moderate lymphocytosis that is negative for CD3 and morphologically overlaps with T-cell chronic lymphocytic leukaemia, as well as aggressive NK cell leukaemia. [25] [26] [27] However, the clinical manifestation, blastic morphology and immunophenotype of the tumour cells in the present case correspond to those of human BNKL. In the present case, although it is difficult to differentiate lymphoma and lymphoid leukaemia, the initial lesion of the subcutaneous mass and the proportion of tumour cell (approximately 10%) in the bone marrow suggest blastic NK cell lymphoma.
Conclusions
The present study shows that an NK cell tumour should be considered as a differential in feline lymphoid neoplasms of non-B and non-T-cell origin. Moreover, CD56 could be a useful diagnostic marker for feline NK cell neoplasms, and additional studies will be needed to evaluate the use of it in diagnostic immunohistochemistry.
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